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endothelium, macrophages, and a number of other immune cells to stimulate the growth of neutrophil granulocyte precursors (41) . Recombinant and purified G-CSF and GM-CSF not only serve as growth and differentiation factors for neutrophil precursors, they stimulate mature neutrophils and induce functional changes in phagocytosis (39) , oxidative burst (36) , degranulation (44) , adhesion (6) , transmigration (43) , and apoptosis (1) . In the present investigation we analyzed the possible contributions of endothelium-derived G-CSF and GM-CSF, growth factors with known potential to stimulate mature neutrophils (6, 7) but poorly investigated in the context of transendothelial migration. Our interest was whether local expression of these growth factors influences the level of transmigration, the survival of transmigrated neutrophils, or the gene expression in neutrophils.
We chose oncostatin M (OSM) as one measure of possible influence of these factors on gene expression. Goren et al. (14) have recently observed neutrophil-dependent accumulation of OSM in the early stages of dermal wound healing, and Cross et al. (8) found that neutrophils obtained from arthritic joint fluid synthesize OSM. OSM is a pleotropic cytokine belonging to the IL-6 family that includes IL-6, IL-11, ciliary neurotrophic factor (CNTF), cardiotrophin-1 (CT), novel neurotrophin-1/B cell-stimulating factor-3 (NNT-1/BSF-3), and leukemia inhibitory factor (LIF) (30, 32, 38, 45) . Recent evidence indicates that OSM is distinct among the IL-6 family members in activating chemokine secretion by fibroblasts (23, 24, 25) , and ECs respond to OSM by increasing synthesis of P-selectin, an adhesion molecule involved in the localization of leukocytes during inflammation (19, 27) . Since circulating neutrophils are known to contain OSM (15) and can be activated by GM-CSF to synthesize OSM (8) , their early arrival in the cascade of inflammation may release sufficient OSM to augment the inflammatory response.
In the present study, utilizing an in vitro model where neutrophils transmigrated across an IL-1␤-stimulated endothelial monolayer, we investigated the roles of possible mediators normally produced by cytokine-activated ECs. Our results indicate endothelial production of GM-CSF influences production of OSM in an adhesion-dependent manner.
MATERIALS AND METHODS
Neutrophil isolation. Human peripheral neutrophils were isolated from heparinized (10 U/ml) venous blood that was sedimented in 6% dextran (250,000 mol wt; Spectrum Gardena, CA) and centrifuged over a gradient of 6.07% Ficoll (400,000 mol wt) and 10% Hypaque (Sanofi Withrop Pharmaceuticals, New York, NY) at room temperature (35) . Neutrophil purity (H&E) and viability (trypan blue exclusion) were Ͼ95% with Ͻ2% monocytes and lymphocytes combined. Neutrophils were kept at room temperature in Dulbecco's phosphatebuffered saline (PBS) (without calcium and magnesium, Invitrogen, Carlsbad, CA) for up to 2 h before being used. Human subjects donating blood gave their informed consent. All experimental work for this paper was carried out at Baylor College of Medicine in the Department of Pediatrics, Section of Leukocyte Biology and was performed under the human protocol H-11736 approved by the Baylor College of Medicine IRB.
Endothelial cell culture. Human umbilical vein endothelial cell (HUVEC) were isolated from 5-10 human umbilical veins by collagenase perfusion as described previously (35) . Pooled cells were seeded in T75 flasks (pretreated with 0.2% gelatin; Difco, Detroit, MI) and grown in M199 medium (Invitrogen) supplemented with 10% fetal bovine serum and 10% bovine calf serum (Hyclone Labs; Logan, UT), penicillin (50 U/ml)-streptomycin (50 g/ml), Fungizone (2.5 g/ml), 10 mM HEPES (Invitrogen), 1% heparin, and 50 g/ml endothelial cell growth supplement (Collaborative Biomedical Products; Bedford, MA). Five days after seeding was completed, cells were trypsinized and passaged at confluence onto gelatin-coated 24-mm transwell inserts (3-m pore size). Confluent monolayers were allowed to mature (4 -5 days) before using them in the transendothelial migration experiments (4) .
Neutrophil transendothelial migration. Primary HUVEC dissociated using trypsin/EDTA were seeded at confluence onto gelatincoated 3.0-m pore polycarbonate transwell filters (Corning, Corning, NY), which were placed in a matching six-well plates and cultured for 4 days. Immediately before the assays, HUVEC monolayers were stimulated with IL-1␤ (10 U/ml) for 4 h at 37°C. After stimulation, the inserts were washed twice with HBSS, then transferred to six-well plates coated with a thin layer of 1% agarose, and incubated in minimal essential medium (Invitrogen) with 0.5% human serum albumin (Sigma-Aldrich). The agarose facilitated removal of transmigrated neutrophils for further analysis and minimized additional activation by the plastic wells. Freshly isolated polymorphonuclear neutrophils (PMN) from healthy volunteers were placed on top of the insert at a ratio of 4:1 (PMN:endothelial) and incubated at 37°C for 1 or 4 h. Nontransmigrated neutrophils were then collected from the top of the insert, and transmigrated neutrophils were collected from the bottom of the insert. The residual red cells in the PMN were lysed using FACS Lysing Solution (Becton Dickenson, San Jose, CA). For control, neutrophils were incubated on the inert agarose surface under the same conditions used for transwells. All samples were plated in triplicates, and transmigration was assessed by plotting the number of transmigrated cells in the lower compartment. In some experiments, blocking antibodies were added to both upper and lower chambers before addition of neutrophils. G-CSF (0.5 g/ml), GM-CSF (0.5 g/ml), and control IgG (0.5g/ml) were purchased from R&D Systems (Minneapolis, MN). TS1/18 monoclonal antibody (Anti-CD18), which recognize the ␤2 subunit of lymphocyte functionassociated antigen-1 and macrophage-1 antigen (MAC-1), was produced from clones purchased from ATCC (Manassas, VA) and was used at 3 g/ml (35) .
Quantitative polymerase chain reaction analysis of OSM. Total RNA was isolated from transmigrated, nontransmigrated, and control neutrophils using TRIzol reagent following the manufacturer's instructions (Invitrogen). RT reactions were performed as previously described (13) . The cDNA was analyzed immediately or stored. Primers and probes for human OSM, 18S and GAPDH were acquired from Applied Biosystems (Assays-on-demand, Foster City, CA). These predesigned and preoptimized TaqMan gene expression human sequence-based assays are provided in 20ϫ format and used according to maufacturer's instructions. The preformulated assay consists of two unlabeled PCR primers (900 nM each final concentration) and a dye-labeled TaqMan MGB probe (250 nM final concentration). Realtime TaqMan PCR systems for OSM was multiplexed with 18S or GAPDH (internal standard). One microliter of each cDNA sample was analyzed. All assays were run in triplicates in a 96-well format plate. Real-time fluorescent detection of PCR products was performed on ABI 7500 (PE Applied Biosystems, Foster City, CA) using the following thermocycling conditions: 1 cycle of 50°C for 2 min and 95°C for 10 min; 40 cycles of 95°C for 15 s and 60°C for 1 min. Data were analyzed by the Sequence Detection Systems (SDS) Software (PE Applied Biosystems). Subsequent analysis was performed on the data output from the SDS software using Microsoft Excel. Relative RNA expression was determined using the formula Rel ExP ϭ 2 Ϫ(⌬⌬Ct) , where, for example, ⌬⌬Ct ϭ (CT OSM-CT 18S). The ratio for OSM/18S in transmigrated and nontransmigrated neutrophil samples was then normalized to ratio seen in control neutrophils seeded on agarose surface and expressed as the means Ϯ SE.
ELISA. G-CSF, GM-CSF, IL-8, and OSM protein levels were quantified in cell-free supernatants by using commercial enzymelinked immunosorbent assays (ELISA) kit (Quantikine; R&D Systems) following the manufacturer's instructions.
Adhesion study. Forty-eight-well nontissue culture plates were coated with fibrinogen (Sigma-Alrich) by adding 0.5 ml of fibrinogen solution (0.1 mg/ml saline) for at least 2 h while incubating at 37°C. After the coating was completed, the wells were washed three times with PBS. Neutrophil suspensions of 0.5 ml (8 ϫ 10 6 cells/ml) were added in each well in the presence or absence of recombinant GM-CSF (R&D Systems) in combination of Ϯ anti-CD antibody used at 3 g/ml. In some experiments, control IgG (0.5 g/ml) was used. The cells were incubated at 37°C for 45 min at which time point neutrophils were then collected for RNA analysis. The residual red cells in the PMN were lysed using FACS Lysing Solution (Becton Dickenson). For comparison, neutrophils were incubated on inert agarose surface. All samples were plated in triplicates.
Data are expressed as means Ϯ SE. Statistical differences were analyzed using a Student's t-test, and P values Ͻ0.05 were considered to indicate statistical significance.
RESULTS

Neutrophils express OSM after contact with activated ECs.
We studied whether G-CSF and GM-CSF derived from ECs can affect OSM expression. First, kinetic studies using an in vitro model of neutrophil trafficking performed as described in MATERIALS AND METHODS revealed that transendothelial migration of neutrophils through IL-␤-stimulated monolayers was Ͼ90% complete at the end of 1 h incubation. Thus we chose this time to assess the effect of transendothelial migration on PMN endogenous OSM expression level.
Neutrophils contacting IL-1␤-stimulated HUVEC monolayers for 1 h exhibited increased expression of OSM (Fig. 1A) . This was true for neutrophils removed from the upper surface of the monolayer or those that had transmigrated into the lower compartment of the transwell chamber, though transmigrated cells contained higher levels of mRNA than nontransmigrated cells. At 4 h after contacting the HUVEC monolayer, the levels of OSM mRNA were significantly lower than at the 1-h time both for transmigrated and nontransmigrated neutrophils. To confirm synthesis of OSM protein, culture supernatants were analyzed by ELISA, revealing significant elevations of OSM at both 1 and 4 h after contact with activated HUVEC (Fig. 1B) . Supernatants collected from activated ECs in the absence of added neutrophils were without detectible OSM (data not shown).
The contribution of G-CSF, GM-CSF, and IL-8 to this increased expression of OSM was evaluated by addition of blocking antibodies to the culture coincident with the addition of neutrophils. Anti-GM-CSF was effective in reducing the expression of OSM ( Fig. 2A) , whereas anti-G-CSF and anti-IL-8 (data not shown) failed to reduce expression. In a separate experiment, the addition of recombinant GM-CSF to cultures of isolated neutrophils resulted in a significant increase in OSM protein secretion after 1 or 4 h (Fig. 2B) . However, recombinant G-CSF or IL-8 had no effect on OSM protein levels.
Role of adhesive interactions in enhanced PMN OSM expression. We next investigated whether conditioned media from IL-1-activated HUVEC was independently capable of inducing OSM expression in neutrophils. There was no change in OSM message levels after exposure of neutrophils to media from ECs activated with IL-1 for 4 h (data not shown). Therefore, soluble factors, mainly GM-CSF as we have already demonstrated, appear to be incapable of independently mediating increased OSM expression in neutrophils. In fact, assessment of GM-CSF quantities in the conditioned media of HUVEC previously activated with IL-1 for 4 h then coincubated with PMNs for 1 h revealed 21 Ϯ 0.7 pg·ml·10 Ϫ7 cells (data not shown). This measurement is consistent with other reports (7, 37) and recognized in our report as sufficient to promote enhanced neutrophil chemotaxis. We therefore postulated that GM-CSF-mediated increase in PMN OSM expression could be adhesion dependent. To confirm this, a neutralizing antibody against ␤2 integrin (CD18) was added to the transwell study in the presence and/or absence of anti-GM-CSF neutralizing antibody. Our results revealed elevated OSM message level in neutrophils after contact with EC that is attenuated following addition of anti-GM-CSF Ab consistent with previous observations (Fig. 3) . Preincubation of neutrophils with anti-CD18 Ab for 15 min followed by their addition to HUVEC monolayer significantly reduced PMN OSM levels compared with neutrophils in contact with IL-1-activated EC. Addition of both anti-GM-CSF and anti-CD18 seemed to give similar results as to addition of each independently. A control IgG isotype was ineffective in altering OSM levels and gave similar results to what is seen in absence of any antibody.
To further confirm that GM-CSF-induced OSM expression by neutrophils is due to engagement of the ␤ 2 integrins, PMNs were incubated in the presence and/or absence of GM-CSF and anti-CD18 Ab on fibrinogen-coated culture plates and compared with agarose (nonadhesive)-coated plates. Fibrinogen is 
. Effects of transendothelial transmigration on oncostatin M (OSM) production in neutrophils.
A: real-time PCR analysis of OSM mRNA levels in transmigrated and nontransmigrated neutrophils 1 or 4 h after addition of neutrophils to IL-1-stimulated human umbilical vein endothelial cells (HUVEC). Data are presented as fold change over naïve neutrophils Ϯ SE (*P Ͻ 0.05 compared with naïve neutrophils; **P Ͻ 0.01 compared with nontransmigated, naïve neutrophils or neutrophils at 4 h; n ϭ 4). B: OSM protein levels after neutrophil transendothelial migration. The cell-free supernatant was collected and analyzed by ELISA for OSM from control (naïve) neutrophils incubated under nonadhesive conditions, nontransmigrated neutrophils, and transmigrated cells at 1 and 4 h after addition of neutrophils to the monolayers of IL-1-stimulated HUVEC (*P Ͻ 0.01 compared with all supernatants from the transmigration chamber; n ϭ 4). a native ligand of the ␤ 2 integrins, thus this less complex setting compared with HUVEC transwell setup will aid in pinpointing the contribution of ␤ 2 integrin-mediated adhesion to GM-CSF induction of OSM in PMN. But first, we wanted to select the appropriate conditions for this study; thus we performed a dose-response study that revealed GM-CSF-induction effect on OSM expression was dose dependent with an EC 50 of ϳ5 ng/ml (Fig. 4A) . However, OSM expression peaked at ϳ30 min and then rapidly declined by 2 h to levels seen in absence of GM-CSF (Fig. 4B) . Therefore, we chose to stimulate PMN in our following study with 5 ng/ml GM-CSF for 30 min only.
Under agarose (nonadhesive to PMN) experimental conditions, addition of rGM-CSF to isolated neutrophils did not alter OSM expression levels compared with control nonstimulated cells (Fig. 5A) . However, OSM levels increased tremendously after incubation with stimulated neutrophils on fibrinogen (a Mac-1 ligand)-coated plates (Fig. 5B) . Addition of anti-CD18 neutralizing antibody to PMN followed by GM-CSF stimulation in agarose-coated plates did not alter PMN OSM expression level (Fig. 5A) . However, precincubation of PMN with anti-CD18 before their GM-CSF stimulation in fibrinogencoated plates profoundly decreased OSM expression (Fig. 5B) , indicating GM-CSF-mediated OSM increase is adhesion dependent. Interestingly, the levels of OSM expression in the nonstimulated PMN incubated on fibrinogen-coated plates were similar to the prestimulation levels observed under nonadhesive conditions, indicating that adherence in itself does not account for the enhanced OSM expression. Addition of control IgG isotype in the presence of GM-CSF stimulation did not affect OSM levels. However, lack of OSM expression was observed after addition of IgG in the absence of GM-CSF under adhesive or nonadhesive conditions similar to what is Fig. 4 . GM-CSF-induced OSM expression in neutrophils in a dose-dependent manner. A: dose-response of GM-CSF on OSM expression in neutrophils. Isolated nuetrophils were incubated with various concentrations of GM-CSF for 1 h at which point were analyzed for OSM expression using RT PCR (*P Ͻ 0.01 compared with control nontreated neutrophils; n ϭ 3). B: time course of OSM mRNA expression in GM-CSF-induced neutrophils. Isolated neutrophils were incubated with 5 ng/ml GM-CSF and OSM expression was analyzed for each time point using RT-PCR (*P Ͻ 0.01 compared with zero time point; n ϭ 3). seen in nonstimulated cells. Similarly, addition of anti-CD18 with no stimulation had no effect on OSM levels.
DISCUSSION
The physiological roles of EC-derived PMN activating molecules responsible for PMN transmigration have been widely explored using functional blocking antibodies and moleculedeficient mice (40) . For example, IL-1 activation of ECs generates activators of neutrophils such as G-CSF and GM-CSF, which themselves could play an important role in the development of inflammatory responses in vitro and in vivo. This paper provides evidence that contact with activated ECs is sufficient to induce expression and release of OSM by neutrophils. That this phenomenon is primarily the result of endothelium-derived GM-CSF is supported by the observed presence of GM-CSF in the medium of IL-1-activated ECs and the ability of anti-GM-CSF (in contrast to anti-G-CSF or anti-IL-8) to prevent OSM expression.
Transmigrated neutrophils exhibited, within 1 h of contacting the activated endothelial monolayer, levels of mRNA and protein release significantly greater than nontransmigrated neutrophils; though both transmigrated and nontransmigrated cells expressed more OSM than naïve neutrophils. In addition, it is known that OSM is contained in naïve neutrophils in a compartment from which it can be readily released upon stimulation (15) . Thus neutrophils may deliver OSM to an inflammatory site by two mechanisms: the rapid release from the granular storage pool and new synthesis induced by endothelial GM-CSF (Fig. 6) .
The finding that the process of adhesion and transmigration initiates OSM synthesis may explain other studies showing increased OSM production by exudated PMNs. Hurst et al. (18) found elevated OSM concentrations in peritoneal dialysate effluents obtained from patients with clinical peritonitis, which directly correlated with the degree of neutrophil infiltration. Similarly, Grenier et al. (16) found that OSM concentrations were significantly higher in bronchiolar lavage fluid from patients with pneumonia, and the amount of OSM correlated strongly with the absolute number of PMN in BAL fluid. Our data supports the claims of these studies as it clearly demonstrated using a transwell migration model a correlation of OSM increased levels with number of transmigrated neutrophils.
Previous studies have explored the effect of OSM as a potent modulator of the cytokines involved in the inflammatory response (2, 31) . For example, it has been previously shown tht OSM inhibits IL-8 and granulocyte-macrophage colony-stimulating factor production by lung fibroblasts (29) . In contrast, we sought in our report to explore the effects on OSM after blocking IL-8, GM-CSF, along with G-CSF. Only GM-CSF inhibition affected OSM levels while IL-8 and G-CSF were dispensable. Thus it can be deduced that GM-CSF plays a major role in OSM production and release by neutrophils, which is consistent with previous reports showing GM-CSF key role in mediating acute inflammation (26) . Furthermore, the mechanisms of GM-CSF activation of PMN have been studied, and one report focused on GM-CSF-mediated activation of STAT proteins in nuclear extracts of human PMN (11) . Results of this study showed that two known STAT5-regulated genes, encoding pim-1 and OSM proteins, failed to be induced by GM-CSF in PMN. This can be explained by our findings that GM-CSF-induced OSM increase in neutrophils is adhesion dependent. In fact, comparison of OSM expression and protein levels between transmigrated and nontransmigrated PMNs showed a synergistic effect of both adhesion and transmigration with the former being an essential part for OSM increase. This was supported by the finding that conditioned media from IL-1-activated endothelium had no effect on OSM levels in neutrophils alone. In fact, although GM-CSF level was significant in the conditioned media, however, absence of adhesive effects made GM-CSF presence alone incapable of altering PMN OSM levels.
The possible physiological significance of the observed effect of GM-CSF was strengthened by the fact that PMN adhering to immobilized fibrinogen, a matrix that is functionally equivalent to fibrin, elicited the same response exhibited in transwell migration model. Specifically, GM-CSF-mediated increase of OSM levels in PMNs under adhesive conditions was abrogated upon blocking of CD18 adhesion. Thus this demonstrated that while ␤ 2 integrin-mediated adhesion might suffice to induce gene activation in human PMN, there still remains a need for the right cytokine activation and production by ECs. In this case, endothelium-derived GM-CSF appears to exert differential effects on neutrophil behavior demonstrated by increased migration and function as exemplified by increased production of OSM.
It has been previously shown that human PMN contain an intracellular pool of OSM that is rapidly released in degranulating conditions induced by phorbol myristate acetate or GM-CSF (15) . The importance of this preexisting OSM pool has been implicated to be an early event in the multistep process of PMN activation. Subcellular fractionation of human neutrophils has been described previously to help investigators determine localization of neutrophil constituents (21) . Neutrophil granules are an important reservoir of matrix-degrading enzymes and membrane receptors needed during neutrophil extravasation and diapedesis. In fact, this indicates that OSM itself may play a major role in further recruitment and migration of neutrophils. Indeed, it is well known that neutrophil- endothelial interactions trigger mobilization of secretory vesicles from neutrophils, which in turn enrich neutrophil surface with the ␤2-integrin CD11b/CD18 (3). In turn, translocated ␤2-integrins bind endothelial adhesion molecules of the intercellular adhesion molecule-family, which mediates firm adhesion and initiates neutrophil transmigration (5) . OSM and its receptor (OSMR␤) have been previously implicated in coordinating leukocyte trafficking via regulation of inflammatory chemokine expression (17) . Furthermore, OSM has been shown to control differential expression of inflammatory chemokines (10) and therefore probably facilitate additional leukocyte recruitment as part of local inflammation. It is possible that OSM release from preexisting pool and de novo OSM production could play a major role in neutrophil migration. Indeed, a previous study by Fearon et al. (12) showed OSM and IL-1␤ promoted production of matrix metalloproteinases indicating OSM is a key player in EC migration. Conversely, OSM has also been shown to induce a protease inhibitor in smooth muscle cells suggesting a more general role for OSM and matrix remodeling (9) . Exocytosis of gelatinase granules liberating OSM could probably play a significant role in the degradation of the vascular basement membrane during neutrophil extravasation.
In summary, our results collectively offer for the first time a correlation between levels of OSM following transendothelial migration. Endothelium-derived GM-CSF exerts a stimulating effect on OSM expression and release by neutrophils that is a adhesion-dependent event. There exists a readily available pool of OSM in neutrophil granules primarily in gelatinase (MMP-9) granules that could play a role in neutrophil extravasation and migration. Overall, increased transmigration and adhesion both lead to increased production of OSM by neutrophils, which then may play a major role in inflammatory response.
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